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We discuss non-Gaussianity and baryonic isocurvature ﬂuctuations in the curvaton scenario, assuming
that the baryon asymmetry of the universe originates only from the decay products of the inﬂaton. When
large non-Gaussianity is realized in such a scenario, non-vanishing baryonic isocurvature ﬂuctuations
can also be generated unless the baryogenesis occurs after the decay of the curvaton. We calculate the
non-linearity parameter fNL and the baryonic isocurvature ﬂuctuations, taking account of the primordial
ﬂuctuations of both the inﬂaton and the curvaton. We show that, although current constraints on
isocurvature ﬂuctuations are severe, the non-linearity parameter can be large as fNL ∼ O(10–100)
without conﬂicting with the constraints.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Current cosmological observations are now very precise to give
us much information about the early universe. In particular, from
observations of the cosmic microwave background (CMB) such
as WMAP [1,2], we can probe the physics of the early universe
through the nature of primordial ﬂuctuations, which are usually
characterized by the amplitude of the ﬂuctuations and its scale de-
pendence as well as by a possible contribution of gravity waves.
Recently in addition to these quantities, non-Gaussianity has been
attracting much attention since it provides information about dif-
ferent aspects of the physics of the early universe. Non-Gaussianity
is usually quantiﬁed by the so-called non-linearity parameter fNL
and the recent constraint on this quantity from WMAP5 is [1]1
−9< fNL < 111 (95% C.L.). (1)
Although the data is still consistent with Gaussian ﬂuctuation,
which corresponds to fNL = 0, the central value is away from zero
as fNL ∼ 50. If future observations conﬁrm such non-zero large
value of fNL, it will give very important implications to the sce-
nario of the early universe; a simple model of inﬂation would be
excluded since ﬂuctuations from the inﬂaton are almost Gaussian.
In such a case, some mechanism is needed to generate large non-
Gaussian ﬂuctuations.
Importantly, the simple inﬂationary scenario is not the only
possibility to generate the density ﬂuctuations. In particular, from
the viewpoint of particle physics, there may exist a scalar ﬁeld
* Corresponding author.
E-mail address: tomot@cc.saga-u.ac.jp (T. Takahashi).
1 Here fNL represents the so-called “local type” non-Gaussianity. In this Letter, we
only consider non-Gaussianity of this type.0370-2693/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.physletb.2008.12.034other than the inﬂaton, i.e., so-called the curvaton [3–5], which
acquires primordial ﬂuctuation and generate the present density
ﬂuctuations although it is a sub-dominant component during in-
ﬂation. With the curvaton, large non-Gaussianity can also be gen-
erated [6,7],2 and the curvaton scenario seems attractive in the
light of constructing a successful model of generating large non-
Gaussianity.
In order to generate large non-Gaussianity with the curvaton,
it is necessary that the energy density of the curvaton at the
time of its decay should be much smaller than that of the dom-
inant component of the universe (which is expected to be from
the inﬂaton). Density ﬂuctuations generated in such a scenario are
(almost) scale-invariant, and hence can be consistent with the ob-
servations if the ﬂuctuations of all the components are adiabatic.
However, in such a scenario, there exist entropy ﬂuctuations be-
tween components from the inﬂaton and those from the curvaton.
In order to have vanishing isocurvature ﬂuctuations, it is neces-
sary to generate baryon asymmetry and cold dark matter (CDM)
at low-temperature universe after the decay of the curvaton. Al-
though there are several possibilities that the dark-matter density
is determined at a relatively low temperature, such as axion dark
matter, the lightest superparticle dark matter and so on, baryogen-
esis at a low temperature may be challenging. Indeed, for some
of the scenarios of baryogenesis, like the thermal [9] and non-
thermal [10] leptogenesis, a relatively high cosmic temperature is
required.3 This fact indicates that, to realize large non-Gaussianity,
2 Some other models generating large non-Gaussianity have also been discussed,
such as the modulated reheating scenario [8].
3 However, the electroweak baryogenesis [11] may be a possibility. Another pos-
sible model is Aﬄeck–Dine baryogenesis [12] and the issues of non-Gaussianity in
the model is discussed in [13].
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verse before the decay of the curvaton. Since the size of baryonic
isocurvature ﬂuctuations is now severely constrained by observa-
tions, such constraints are important in considering baryogenesis
in the curvaton scenario generating large non-Gaussianity. In par-
ticular, in the simplest curvaton scenario where the cosmic den-
sity ﬂuctuations are totally from the primordial ﬂuctuation of the
curvaton, large non-Gaussianity cannot be generated without con-
ﬂicting with the constraints from the baryonic isocurvature ﬂuctu-
ations if the baryon asymmetry is solely from the decay product
of the inﬂaton. This argument excludes some of the scenarios of
baryogenesis which require high cosmic temperature in the curva-
ton scenario.
However, in the mixed ﬂuctuation scenario where ﬂuctuations
from the inﬂaton and the curvaton both contribute to cosmic den-
sity ﬂuctuations [14,15], the situation changes; even if the baryon
number of the universe originates only from the decay products
of the inﬂaton, the amplitude of isocurvature ﬂuctuations relative
to adiabatic ones can be suppressed. Thus, in such a case, large
non-Gaussianity may be generated without conﬂicting with the
constraint on the isocurvature ﬂuctuations.
In this Letter, we discuss non-Gaussianity and baryonic isocur-
vature ﬂuctuations in the curvaton scenario where only the de-
cay products of the inﬂaton are responsible for the baryogenesis.
We pay particular attention to the question how large fNL can
be while imposing the isocurvature constraints. We will see that
fNL ∼ O(10–100) can be realized even if severe constraints on
isocurvature ﬂuctuations are imposed.
2. Scenario and formalism
We ﬁrst describe the scenario we consider in this Letter and
summarize formulae to calculate density ﬂuctuations and its non-
Gaussianity.
Here, we consider the curvaton scenario where ﬂuctuations
from the inﬂaton also contribute to the total curvature ﬂuctua-
tions along with that from the curvaton. In addition, we assume
that only the decay products of the inﬂaton (not those of curva-
ton) are responsible for the baryon asymmetry of the universe;
the possibilities include a baryogenesis in the thermal bath before
the decay of the curvaton and that in association with the decay
of the inﬂaton. We also assume that the density of CDM is de-
termined after the decay of the curvaton so that there is no CDM
isocurvature ﬂuctuations. We can easily apply our results to the
case where CDM originates only from the decay products of the
inﬂaton.
In our study, we adopt the following form for the scalar-ﬁeld
potential:
V (φ,σ ) = V (φ) + 1
2
m2σ σ
2, (2)
where φ and σ represent the inﬂaton and curvaton ﬁelds, respec-
tively, V (φ) is the potential for the inﬂaton, and mσ is the mass of
the curvaton. (We assume a quadratic potential for the curvaton.)
In general, the curvature ﬂuctuations from the inﬂaton depend on
the inﬂaton potential. However, for the purpose of the following
discussion, we only need to specify the value of the slow-roll pa-
rameter  , which is deﬁned as
 = 1
2
M2pl
(
Vφ
V
)2
, (3)where Vφ ≡ ∂V /∂φ, and Mpl  2.4 × 1018 GeV is the reduced
Planck scale.4 We also assume that the mass of the curvaton is
small and the curvaton acquires primordial ﬂuctuation during the
inﬂation. (We denote the initial amplitude of the curvaton as σ∗;
hereafter, the subscript “∗” is for quantities at the time of the hori-
zon exit.)
After the inﬂation, the inﬂaton begins to oscillate around the
minimum of its potential and then decays. We denote the decay
rate of the inﬂaton as Γφ and deﬁne the reheating temperature TR
as
TR =
(
10
gSMπ2
M2plΓ
2
φ
)1/4
, (4)
where we use gSM = 106.75 as the effective number of the mass-
less degrees of freedom. As the universe expands, the expansion
rate of the universe H becomes comparable to mσ and the cur-
vaton starts to oscillate. Then, when the expansion rate becomes
comparable to the decay rate of σ , which is denoted as Γσ (and is
related to the lifetime of the curvaton as τσ = Γ −1σ ), the curvaton
decays. The start of the oscillation and the decay may occur before
or after the reheating due to the inﬂaton decay, depending on the
values of mσ and Γσ .
Assuming that the potential of the inﬂaton is well approxi-
mated by a quadratic one around its minimum, its energy density
behaves as that of matter for the period of the inﬂaton oscillation.
Then, denoting the energy densities of radiation components from
the decays of φ and σ as ργφ and ργσ , respectively, evolutions of
these variables (as well as those of the energy density of the inﬂa-
ton ﬁeld and the curvaton amplitude) are governed by
ρ˙γ φ + 4Hργφ = Γφρφ, (5)
ρ˙γ σ + 4Hργσ = Γσ σ˙ 2, (6)
ρ˙φ + 3Hρφ = −Γφρφ, (7)
σ¨ + (3H + Γσ )σ˙ +m2σ σ = 0, (8)
where the dot represents derivative with respect to the cosmic
time and ρi indicates the background energy density of the com-
ponent i. Notice that, when H mσ , Eqs. (6) and (8) can be well
approximated by
ρ˙γσ + 4Hργσ = Γσρσ , (9)
ρ˙σ + 3Hρσ = −Γσρσ , (10)
respectively, where ρσ is the energy density of the curvaton ﬁeld.
In addition, it should be noted that the total radiation energy den-
sity is given by
ργ = ργφ + ργσ . (11)
In our analysis, we use the δN formalism [16] to calculate the
perturbations. Then, perturbation variables are obtained by eval-
uating the number of e-folds from some time during inﬂation to
the time after the curvaton decay as a function of model parame-
ters such as Γφ,Γσ ,mσ and σ∗ . Here, let us brieﬂy summarize the
resultant formulae of the density ﬂuctuations and non-linearity pa-
rameter fNL.
With the δN formalism, if there is no isocurvature ﬂuctuation,
the curvature ﬂuctuation originating from scalar-ﬁeld ﬂuctuations
is given by
ζ (adi) = Naδϕa∗ +
1
2
Nabδϕ
a∗δϕb∗ + · · · , (12)
4 In the following, we assume that the primordial ﬂuctuations are (almost) scale-
invariant.
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of the scalar ﬁeld ϕa , and
Na ≡ ∂N
∂ϕa
, Nab ≡ ∂
2N
∂ϕa∂ϕb
, (13)
with ϕa = φ and σ in our case.
In the following, we consider the scenario where ﬂuctuations of
the inﬂaton and the curvaton are both responsible for cosmic den-
sity ﬂuctuations. For simplicity, we assume that these ﬁelds are
uncorrelated. Then, the curvature perturbations originating from
these scalar ﬁelds can be calculated separately. The curvature ﬂuc-
tuation from the inﬂaton, which we denote ζ (adi)φ , is given by
ζ
(adi)
φ 
1√
2Mpl
δφ∗ + 1
2
(
1− η
2
)
δφ2∗ , (14)
where η ≡ M2plVφφ/V , and we have used the slow-roll approxima-
tion. (We neglect terms of the order of δφ3∗ which are irrelevant
for our discussion.) In addition, the curvaton contribution to ζ (adi) ,
which we denote ζ (adi)σ , is expressed as
ζ
(adi)
σ = Nσ δσ∗ + 12Nσσ δσ
2∗ . (15)
We solve the set of equations (5)–(8) with parameters Γφ , Γσ ,
mσ and σ∗ being ﬁxed, then we determine Nσ and Nσσ to ob-
tain ζ (adi)σ . For the important case where [ργσ /ργ ]tτσ  1 (and
mσ  Γφ ), in which large non-Gaussianity can be generated in the
curvaton scenario, the relation 4N(σ∗) = [ργσ /ργ ]tτσ holds and
the σ∗ dependence of N is well approximated as [15]
N(σ∗)  1
3
√
2π
Γ 2(5/4)
σ 2∗
M2pl
√
Γσ /mσ
for [ργσ /ργ ]tτσ  1, (16)
while, for the case where the curvaton eventually dominates the
universe, [ργσ /ργ ]tτσ  1, it is given by
N(σ∗)  2
3
lnσ∗ for [ργσ /ργ ]tτσ  1. (17)
Now, we discuss the entropy ﬂuctuation between baryon and
radiation, which is given up to the second order by
Sbγ ≡ δρb
ρb
− 1
2
(
δρb
ρb
)2
− 3
4
[
δργ
ργ
− 1
2
(
δργ
ργ
)2]
. (18)
Here, δρi denotes the energy-density ﬂuctuation of the compo-
nent i on the uniform density slicing. We evaluate Sbγ when
τσ  t  teq with teq being the time of the radiation–matter
equality. In the present scenario, there exist two sources of radi-
ation: one originating from the inﬂaton and the other from the
curvaton. We treat them separately and write δργ /ργ as
δργ
ργ
= δργφ + δργσ
ργφ + ργσ
. (19)
Since the baryon asymmetry and γφ has the same source (i.e.,
the inﬂaton), the adiabatic relation holds between these two
components. Furthermore, as will be discussed later, large non-
Gaussianity can be generated when [ργσ /ργ ]tτσ  1, thus we
concentrate on such a case. Neglecting the terms which are second
or higher order in [ργσ /ργ ]tτσ , and using the adiabatic relation
between the baryon and γφ , we obtain
Sbγ  −34
[
ργσ
ργ
]
tτσ
δργσ
ργσ
, (20)
where terms of the order of (δργσ /ργσ )
2 vanish. (Here and here-
after, it should be understood that [ργσ /ργ ]tτσ is equal to4N(σ∗), and is proportional to σ 2∗ .) Notice that, compared to
δργσ /ργσ , δργφ /ργφ is of the order of [ργσ /ργ ]tτσ and hence
its contribution is irrelevant in the present discussion.
When [ργσ /ργ ]tτσ  1, the cosmic expansion is solely deter-
mined by radiation from the inﬂaton, and we can neglect the effect
of γσ on the background evolution. Then, ργσ is proportional to σ
2∗
and
δργσ
ργσ
= 2
(
δσ∗
σ∗
+ 1
2
δσ 2∗
σ 2∗
)
, (21)
which results in
Sbγ = −32
[
ργσ
ργ
]
tτσ
(
δσ∗
σ∗
+ 1
2
δσ 2∗
σ 2∗
)
. (22)
In discussing the non-Gaussianity in the present framework, it
should be noted that the isocurvature ﬂuctuations also generate
curvature perturbation. Indeed, using the relation 3ζ (iso) = Smγ
(with Smγ being the entropy ﬂuctuation between the total mat-
ter and radiation), which holds in the matter-dominated universe,
we obtain the isocurvature contribution to the curvature ﬂuctua-
tion as
ζ
(iso)
σ = −12
Ωb
Ωm
[
ργσ
ργ
]
tτσ
(
δσ∗
σ∗
+ 1
2
δσ 2∗
σ 2∗
)
, (23)
where Ωb and Ωm are density parameters of the total matter and
baryon, respectively. In our numerical analysis, we use Ωb/Ωm 
0.17 [1].
Since the ﬂuctuations of the inﬂaton and the curvaton are as-
sumed to be uncorrelated, the amplitude of the total curvature
ﬂuctuation ζ in matter-dominated epoch is given by
ζ = ζφ + ζσ , (24)
where ζφ = ζ (adi)φ and ζσ = ζ (adi)σ + ζ (iso)σ . From the observations of
the cosmic density ﬂuctuations, the size of ζ is constrained. In our
study, we determine the amplitudes of the primordial scalar-ﬁeld
ﬂuctuations so that ζ becomes consistent with the observed value.
Non-Gaussianity of ﬂuctuations is usually quantiﬁed with
higher order statistics such as bispectrum. Here, we consider the
bispectrum of ζ :
〈ζ
k1ζ
k2ζ
k3 〉 = (2π)3δ(
k1 + 
k2 + 
k3)Bζ (k1,k2,k3). (25)
Then, Bζ (k1,k2,k3) is obtained as
Bζ (k1,k2,k3) =
(
N˜2σ + N˜2σσΔ2δσ lnkminL
)
× N˜σσ
[
Pδσ (k1)Pδσ (k2) + (2 perms.)
]
, (26)
where
N˜σ = Nσ − 1
2
Ωb
Ωm
[
ργσ
ργ
]
tτσ
σ−1∗ , (27)
N˜σσ = Nσσ − 1
2
Ωb
Ωm
[
ργσ
ργ
]
tτσ
σ−2∗ . (28)
Here, P X (k) denotes the power spectrum of the variable X deﬁned
as
〈X
k1 X
k2 〉 = (2π)3δ(
k1 + 
k2)P X (k1), (29)
and is related to Δ2X as
P X (k) = 2π
2
k3
Δ2X . (30)
Assuming that the curvaton ﬂuctuation is due to the quantum ﬂuc-
tuation during inﬂation, we obtain
Δ2δσ =
(
H∗
2π
)2
, (31)
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Δ2δσ to be scale-invariant.
In deriving Eq. (26), following [17,18], we have regularized the
infrared divergence by introducing the infrared cutoff parameter
L−1 and kmin = min(k1,k2,k3). (We have neglected an O (1) coef-
ﬁcient in front of lnkminL.) In order to discuss the implication to
the cosmological observations, both kmin and L−1 are taken to be
the cosmological scale. Since the scale dependence from lnkminL is
rather weak, we approximate lnkminL = 1 in our numerical analy-
sis.
As mentioned in the introduction, the non-linearity parameter
fNL is often used to characterize non-Gaussianity of ﬂuctuations,
which is given by5
Bζ (k1,k2,k3) = 6
5
fNL
[
Pζ (k1)Pζ (k2) + (2 perms.)
]
. (32)
Here Pζ (k) is the power spectrum of ζ deﬁned as
〈ζ
k1ζ
k2 〉 = (2π)3δ(
k1 + 
k2)Pζ (k1). (33)
In the present scenario, Pζ (k) becomes
Pζ (k) = 2π
2
k3
Δ2ζ
= 2π
2
k3
[
1
2M2pl
Δ2δφ +
(
N˜2σ + N˜2σσΔ2δσ lnkL
)
Δ2δσ
]
. (34)
Then, the non-linearity parameter fNL is given by
6
5
fNL =
(2 − η) + 42M4pl(N˜2σ + N˜2σσΔ2δσ lnkminL)N˜σσ
[1+ 2M2pl(N˜2σ + N˜2σσΔ2δσ lnkminL)]2
, (35)
where we have used the relation Δ2δφ = Δ2δσ . Since we are inter-
ested in the case where the non-linearity parameter becomes large,
we neglect (2−η) in the numerator of (35) in the following anal-
ysis. We can ﬁnd approximated formulae of N˜σ and N˜σσ for the
most important case of [ργσ /ργ ]tτσ  1, for which fNL  1 may
be realized. In such a case, as we have mentioned, the relation
4N(σ∗) = [ργσ /ργ ]tτσ holds and hence
N˜σ 
(
1− Ωb
Ωm
)
Nσ ,
N˜σσ 
(
1− Ωb
Ωm
)
Nσσ for [ργσ /ργ ]tτσ  1. (36)
For the sake of the following arguments, we also calculate the
power spectrum of the isocurvature perturbations. With Eq. (22),
we obtain
Δ2Sbγ =
9
4
[
ργσ
ργ
]2
tτσ
(
1
σ 2∗
+ 1
σ 4∗
Δ2δσ lnkminL
)
Δ2δσ . (37)
Before showing the numerical results, we brieﬂy consider the
pure curvaton case where all the cosmic density ﬂuctuations are
only from the curvaton. In such a case, we obtain
ΔSbγ
Δζ
∼ Nσσ
N2σ
[
ργσ
ργ
]
tτσ
, (38)
5 Since there exists the contribution from isocurvature ﬂuctuations in this sce-
nario, fNL here is not the same as the one for the case only with adiabatic pertur-
bations. However, as shown in Eq. (23), the isocurvature contribution is suppressed
by the factor Ωb/Ωm . In fact, because of the difference between the transfer func-
tion for the adiabatic contribution and that for the isocurvature one, the bispectrum
is enhanced at the Sachs–Wolfe plateau. In the present case, the enhancement fac-
tor for the corresponding term is roughly estimated to be ∼ 22/3 for large-scale
ﬂuctuations [19]. Even if the second terms in Eqs. (27) and (28) are multiplied by
this factor, the contribution from the isocurvature ﬂuctuations is still sub-dominant.
For the details of non-Gaussianity from isocurvature ﬂuctuations, see [19].Fig. 1. Contours of constant ΔSbγ /Δζ on σ∗ vs. Γσ /mσ plane for TR = 1010 GeV. For
the slow-roll parameter, we take  = 10−2. Regions excluded by the constraints (40)
are shaded.
and ΔSbγ and Δζ are of the same order irrespective of σ∗ . (See,
for example, Eqs. (16) and (17).) In this case, the entropy ﬂuctua-
tion is too large to be consistent with the observations [5,6,20,21].
Thus when the baryon number is produced at high temperature,
it is diﬃcult to have large non-Gaussianity in the simplest curva-
ton paradigm without conﬂicting with the isocurvature constraint.
As we will see in the following, the situation changes in the mixed
ﬂuctuation scenario. In particular, when the curvature perturbation
mainly comes from the inﬂaton ﬂuctuation and [ργσ /ργ ]tτσ  1,
large non-Gaussianity becomes possible without conﬂicting with
the isocurvature constraint.
3. Numerical results
Now, we show our numerical results. In our analysis, we nu-
merically solve Eqs. (5)–(8) and calculate the number of e-folds as
a function of σ∗ . Then, we calculate fNL and Sbγ for various values
of the model parameters. In the following, we take mσ = 100 GeV.
First, we show how large the baryonic isocurvature ﬂuctuations
can be. In Fig. 1, we show contours of constant ΔSbγ /Δζ on the
σ∗ vs. Γσ /mσ plane. Here, we take TR = 1010 GeV, and  = 10−2.6
When N˜2σ  N˜2σσΔ2δσ lnkminL, one can see that the baryonic isocur-
vature ﬂuctuations are suppressed as σ∗ becomes smaller. This fact
can be easily understood as follows. When σ∗ is small enough,
the curvature perturbation is dominated by the inﬂaton contri-
bution ζφ and hence is independent of σ∗ . In addition, in such
a case, the ratio [ργσ /ργ ]tτσ is proportional to σ 2∗ and hence
ΔSbγ /Δζ becomes smaller as σ∗ decreases as far as the ﬁrst term
in the parenthesis of Eq. (37) dominates. On the contrary, for
N˜2σ  N˜2σσΔ2δσ lnkminL, the isocurvature perturbation ΔSbγ is de-
termined by the second term in Eq. (37). Then, ΔSbγ /Δζ becomes
insensitive to σ∗ , as shown in the ﬁgure.
From current cosmological observations, baryonic isocurvature
ﬂuctuations are severely constrained; there is no sign of the isocur-
vature ﬂuctuations in the observed angular power spectrum of the
CMB, and Sbγ is consistent with zero. In our analysis, we adopt the
bounds on the baryonic isocurvature ﬂuctuations obtained from
6 In our following numerical analysis, we use  = 10−2 and 10−10 for illustra-
tional purposes. In fact, the value of  = 10−2 corresponds to the case of quadratic
chaotic inﬂation with Ne = 50, while  ∼O(10−10) is realized in some class of new
inﬂation model.
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and 10−10 (right). Regions excluded by the constraints (40) are shaded.the latest WMAP5 result. We classify the baryonic isocurvature
ﬂuctuations into correlated and uncorrelated parts as
[Sbγ ]corr = −ΔSbγ sin δ, [Sbγ ]uncorr = ΔSbγ
√
1− sin2 δ, (39)
where sin δ = Δζσ /Δζ . Then, we adopt the following bounds on
the ratios of these isocurvature modes to Δζ , reading off the 95%
C.L. constraints from the WMAP5 results [1][
Sbγ
Δζ
]
corr
> −0.31,
[
Sbγ
Δζ
]
uncorr
< 1.35. (40)
Notice that, in the present scenario, [Sbγ /Δζ ]corr is negative.7 In
Fig. 1, we shaded the region which is excluded by the above con-
straints; we found that the constraint on the correlated one is
more stringent.
It should be noted that, in the allowed region, the curvature
perturbation ζ is mainly from the inﬂaton ﬂuctuation. Then, Δ2δσ
and Δ2δφ are related to Δ
2
ζ , which is known from the observation
of the cosmic density ﬂuctuations, as
Δ2δσ = Δ2δφ = 2M2plΔ2ζ . (41)
Neglecting the scale-dependence, we adopt Δ2ζ = 2.457× 10−9 [1]
to evaluate fNL given in Eq. (35).
Now we discuss how large fNL can be in the parameter re-
gion consistent with the constraints (40). In Fig. 2, taking TR =
1010 GeV, we show the contours of constant fNL for  = 10−2
and 10−10. With such a choice of the reheating temperature, the
curvaton ﬁeld starts to oscillate after the reheating by the inﬂa-
ton. If the curvaton begins to oscillate after the inﬂaton decay, the
number of e-folds after the inﬂation depends only on the com-
bination of Γσ /mσ once σ∗ is ﬁxed. Thus, we show our results
in the σ∗ vs. Γσ /mσ plane. (Notice that, for different values of
TR and mσ , the ﬁgure is almost unchanged as far as mσ  Γφ .)
On the same ﬁgure, we shaded the region excluded by the con-
straints (40). We can see that, even after imposing the isocurva-
ture constraint, a very large value of fNL (i.e., fNL ∼O(10–100)) is
7 The bounds given in (40) are separately obtained for the cases of totally cor-
related and totally uncorrelated isocurvature ﬂuctuations. Since the bounds for
the case where the correlated and uncorrelated isocurvature ﬂuctuations coexist
are not available, we adopt the constraint (40) as reference values. In addition,
since the constraint on the correlated isocurvature ﬂuctuations are not shown for
[Sbγ /Δζ ]corr < 0 in [1], we adopt the constraint for the case of [Sbγ /Δζ ]corr > 0
to derive the constraint (40), assuming that the bound on |[Sbγ /Δζ ]corr| does not
signiﬁcantly depend on the sign. For the validity of this assumption, see, for exam-
ple, [22].possible with small enough σ∗; in such a case, even though the
components related to the curvaton are always sub-dominant, fNL
becomes large. (A possibility where a sub-dominant component
generates large non-Gaussianity was ﬁrst considered in [18].) In
addition, when σ∗ becomes small enough, fNL becomes insensitive
to σ∗ . This is because, in such a parameter region, the second term
in the ﬁrst parenthesis of Eq. (26), which is independent of σ∗ ,
dominates.
Next, let us consider the case where the curvaton decays before
the reheating (i.e., during the inﬂaton oscillation). Even in such a
case, large value of fNL can be obtained while satisfying the isocur-
vature constraints. To see this, in Fig. 3, we show the contours of
constant fNL on σ∗ vs. Γσ /mσ plane for the case of TR = 106 GeV.
As one can see, in this case, fNL ∼O(10–100) can be realized even
if we impose the baryonic isocurvature constraints.
4. Implications for scenarios of baryogenesis
So far, we have seen that a large value of the non-linearity pa-
rameter of fNL ∼ O(10–100) can be realized without conﬂicting
with the baryonic isocurvature constraints, assuming TR , σ∗ , and
Γσ as free parameters. If we ﬁx the scenario of baryogenesis, how-
ever, it is often the case that a lower bound on TR is imposed
to generate large enough baryon asymmetry of the universe. So, ﬁ-
nally, we discuss whether large fNL is possible for several scenarios
of baryogenesis.
In order to realize the thermal leptogenesis [9], TR should
be higher than 109–10 GeV [23].8 Then, for mσ = 100 GeV and
 = 10−2, σ∗  1015 GeV and Γσ  10−7 GeV are required to re-
alize fNL = 10 without conﬂicting with the constraints (40). Notice
that, even though Γσ has to be much smaller than mσ , the curva-
ton decay occurs when the cosmic temperature is T  105 GeV for
Γσ = 10−8 GeV, which is well before the start of the big-bang nu-
cleosynthesis (BBN).9 If mσ is larger, fNL ∼O(10) can be realized
with a larger value of Γσ .
Even though the scenario of the thermal leptogenesis is at-
tractive, it is incompatible with some class of supersymmetric
8 In the region of interest, the ratio [ργσ /ργ ]tτσ is much smaller than 1, and
hence the entropy production due to the curvaton decay is negligible.
9 Even if the curvaton decays after the BBN, effects of the decay products on the
abundances of the light elements may not be signiﬁcant because we are particularly
interested in the case where [ργσ /ργ ]tτσ  1. The BBN constraints depend on the
detail of the decay process (i.e., lifetime, hadronic branching ratio, and so on) [24],
and study of the BBN constraints is beyond the scope of this Letter.
344 T. Moroi, T. Takahashi / Physics Letters B 671 (2009) 339–344Fig. 3. Same as Fig. 2, except for TR = 106 GeV.model because, if TR  109–10 GeV, overproduction of the grav-
itino may occur [25]. If a scenario of baryogenesis which works at
a lower temperature is needed, one of the possibilities is the non-
thermal leptogenesis in which right-handed neutrinos are directly
produced by the decay of a scalar condensation (like the inﬂaton)
[10]. In the non-thermal leptogenesis scenario, the lower bound on
TR is reduced, and is given by TR  106 GeV [26]. As one can see,
even with TR ∼ 106 GeV, fNL can be as large as O(10) (or larger)
satisfying the baryonic isocurvature constraints. In this case, with
mσ = 100 GeV and  = 10−2, fNL = 10 requires σ∗  1014 GeV and
Γσ  10−15 GeV, which corresponds to the decay temperature of
the curvaton of ∼O(10 GeV).
In summary, even if the baryon asymmetry originates only
from the decay products of the inﬂaton, a large non-Gaussianity
of fNL ∼O(10–100) is possible in large class of scenarios of baryo-
genesis without conﬂicting with the observational constraints. In
such a scenario, however, baryonic isocurvature ﬂuctuations are in-
evitably generated and may be just below the observational bound.
Thus, if a large value of fNL is conﬁrmed in future observations, it
is strongly encouraged to look for signals of the isocurvature ﬂuc-
tuations to test baryogenesis models in the curvaton scenario.
Note added
While we were ﬁnalizing the manuscript, Ref. [27] appeared on the arXiv, which
has some overlap with our analysis.
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